The basis of this work is the observation that sera of the chicken and of other birds flocculate saline extracts of the tissues of many animal species when the mixtures are incubated at low temperatures. In this paper it will be shown that this flocculating capacity is closely related to the production of antibodies and that the responsible factor is identical with or analogous to the flocculating factor found in the sera of many normal animals and in certain pathological human sera, notably the sera of syphilitics, in which it is utilized in serodiagnostic reactions. Also, a relationship between the amount of the flocculating factor in chicken blood and the season of the year will be reported.
Exposition of the present findings will be facilitated by a brief survey of three main groups of earlier contributions: (a) the natural development in chickens and other animals of antibodies or factors flocculating alcoholic tissue extracts; (b) the nature of the Wassermann reagin; (c) changes in the serum associated with artificial immunization.
There have been many reports' of the presence in the blood of normal fowls and other birds of natural antibodies directed against bacteria and foreign cells; in some instances these antibodies have been said to be present in the early hours after hatching or even before hatching,2 but as a rule they appear successively during the period of growth and development of the bird.
Bailey8 has stated that in the sera of adults hemagglutinins for 20 animal species are to be found, most of them being absent at the time of birth. In our studies, to be published elsewhere, we have detected in the sera from adult fowls antibodies for all antigens tested, including those suppressing infection by vaccine virus, by the Shope fibroma virus, by the viruses of the Rous, Fuginami, and Mill Hill tumors of the fowl; and agglutinating antibodies for the erythrocytes of five animal species, for 10 bacterial species, and for the elementary bodies of vaccinia and of the Rous sarcoma.
Many authors4' 5 6, 7, 8, 9 have demonstrated in the sera from normal healthy animals substances capable of flocculating alcoholic extracts of tissues or of fixing complement in the presence of such extracts as are used in the reactions for the diagnosis of syphilis. Thus, of 14 chicken and 11 pigeon sera all were found to flocculate with the Sachs-Georgi antigen, while the Wassermann reaction was negative;4 all of the 61 chicken sera tested flocculated with the Kahn antigen,7 and 7 and 5 of 9 sera flocculated with the Kahn and Kline antigens respectively, while the Ide, Eagle, and Laughlin reactions were generally negative.6 It has been stated4' 8 that the Wassermnann reaction is frequently positive with the sera from adult cattle, sheep, and rabbits and negative with the sera of the young of these same species. In rabbits, reactivity of the sera appeared in from 8 to 10 weeks after birth and parallelled the development of the normal hemolysin for sheep red cells. 4 Ever since the discovery10 that in the Wassermann reaction alcoholic extracts of normal organs react with syphilitic sera, several hypotheses have been offered as to the nature of the Wassermann reagin. The more important of these are: (1) The reagin is an auto-antibody developed against some of the spirochetal components so combined with lipoids liberated from damaged tissues that an antigenic effect is produced (Weil and Braun; Sachs, Klopstock, and Weil"1); (2) The reagin is a natural, normally present "lipoidophile" antibody which in normal serum is found in minimal amounts and in a masked state, but which in syphilis is non-specifically augmented (Mackie and Watson; Mackie and Anderson4); (3) The antigenic activity of the organisms or of their products plays a part in the production of Wassermann reagins in infections due to spirochetes and trypanosomes (Landsteiner and Van der Scheer"2). (Additional information on this subject may be found in other references listedee Nos. 4, 5, 12, 13.) It is generally accepted that during specific immunization the globulin of the serum is increased in amount (See for references, Marrack, J. R.: The Chemistry of Antigews and dntibodies. 1938). Careful quantitative study of the subject by Boyd and Bernard14 has shown that the increase in globulin can not be attributed to the specific antibody produced, the increase in the latter being much less than the change in globulin, although there is a parallel relationship. On the other hand, Bjorneboe"5 has recently affirmed upon the basis of measurements of pneumococcus agglutinin and of serum protein, that identical values for the changes are to be found.
The presentation of the experimental work will show the significance of the evidence contributed by phenomena of the three types mentioned above; other pertinent data derived from allied topics will be considered in appropriate places.
Materials and methods Saline extracts of tissues to be used in the flocculation tests were obtained by grinding the tissue with sand in a mortar (tissue 1 vol., saline 19 vols.). After centriftigation for 15 min. at 2500 r.p.m. the extract was kept at from 2 to 40 C. for 4 or more hours. With liver, the tissue most commonly used, this procedure brought about a flocculation in almost every case. The extract was then centrifuged for a further 15 min., whereupon the supernatant fluid, either undiluted or in dilution, proved to be stable. For routine purposes in the present study liver extract derived from the adult white mouse has been used. alcoholic extracts of tissues were prepared by the method of Van der Scheer."3 Ten grams of finely ground tissue were extracted over-night at room temperature with 50 cc. of 95 per cent alcohol. After removal of the alcohol the residue was again treated with 25 cc. of 85 per cent alcohol for the same length of time. The combined alcoholic extracts were evaporated to a volume of 25 cc. in a steam-bath at 600 C. When cooled to room temperature the solution was filtered and further diluted to twice its volume with alcohol. To 1 cc. of this fluid 4 cc. of saline were added drop by drop with constant shaking; this gave a stable homogeneous solution which could be conveniently used. Since these extracts became cloudy if held in the refrigerator, they were kept at room temperature.
Technic of the reaction. Of the original saline extracts progressive doubling dilutions from 1:20 to 1:320 were prepared. To 0.5 cc. of each of these, 0.1 cc. of the unheated serum to be tested was added. A comparable control series with saline instead of serum, and a control of 0.1 cc. of serum mixed with 0.5 cc. of saline were provided. After mixing, the solutions were left over-night at from 2 to 40 C., when they were allowed to warm to room temperature. The tubes were then shaken and the degree of flocculation was recorded. A second reading was made after the tubes had been allowed to stand for about 3 hrs. to permit sedimentation of the flocculated material.
Since different saline extracts of mouse liver may vary somewhat in their sensitivity to the flocculating action of bird sera, 2 or 3 different extracts were often tested and the average results recorded.
When alcoholic extracts were used they were first prepared in saline and a similar dilution series, ranging from 1:5 to 1:80, was made. Otherwise the technic was as with the saline extracts, save for the fact that prior to reading the results the mixtures were held at 370 C. for a few minutes.
Recording of the results. The flocculation of tissue extracts by chicken sera is a slow reaction, thus almost precluding use of the optimal proportions technic of Dean and Webb. In this work, measurement of the degree of flocculation of tissue extracts, and of specific antigens as well, was accomplished by a combination of the end-titer and the volume-precipitate methods. The reason for adopting this procedure lies in the fact that with some chicken sera positive reactions may be obtained with high dilutions of the precipitinogen even though the intensity of the reactions in all dilutions of the precipitinogen may be low. Such sera may be distinguished from those which show both high titer and strong flocculating power. The degree of flocculation of saline and alcoholic extracts has been expressed by the usual plus-sign notation, a + representing the minimal flocculation capable of detection with a magnifying glass. The same method of recording has served for indicating the degree of antigen flocculation by specific antibodies. When, however, the results obtained over a long period of time with the sera of a large number of birds are expressed graphically or otherwise, the terms "strong," "medium," and "weak" are used to indicate the intensity of the reaction. For the sake of brevity the results, always negative, in the controls of tissue extracts and of serum alone, are omitted from the tabulations. It is also worthy of note to point out that experience has shown that whenever a given tissue extract is flocculated by chicken sera, extracts of all tissues of the same and of other species of animals are also flocculated. Because of this fact the text often makes use of the general term "extracts of tissues" when, as a matter of fact, the particular point presented may have been based on results obtained solely with extract of mouse liver. season of the year on the process In the course of studies on the development of natural antibodies against virus tumors of the fowl it was found that in many instances the serum of the adult bird flocculated, at low temperatures, simple saline extracts of animal tissues. In order to ascertain the nature of this reaction, one suggestive of an antibody action, a systematic study of the matter was undertaken, the first step being a study of the development of natural antibodies in the blood of the growing chick in its relationship to the appearance in the same birds of the power to flocculate tissue extracts. The following experiment typifies the many carried out in working on this problem.
Exp. 1.-Twelve recently hatched Plymouth Rock chicks of both sexes were placed in a previously sterilized room and kept under fairly good conditions of isolation. Ample food was supplied and the birds were periodically weighed and bled. This work was done during the months of October and November. Applying the usual serological technics, the sera were tested for natural antibodies for rabbit and mouse erythrocytes, for the staphylococcus and S. pulorum, and for mouse liver (saline extracts). Table 1 shows the results of this experiment, supplemented by many other tests of sera from chicks and young fowls of the same ages and the same strain.
It is evident that a definite, though weak, flocculating power for extract of mouse liver is detected in the sera (tested at low temperature) at about the 25th day after hatching. At that time agglutinin for the staphylococcus had been present for at least 18 days, and agglutinins for S. pullorum and for rabbit and mouse cells were also present.
Additional data accumulated during the course of a period of almost three years, during which the sera of 269 chickens were tested for their ability to flocculate extracts of mouse liver. The chickens studied were of the Plymouth Rock, Rhode Island Red, and White Leghorn strains. It soon became evident that the intensity of the reaction exhibited by the sera varied considerably and was related to the season when the birds were tested. Table 2 offers data on this point. Further evidence bearing on this point is provided by studies made on several groups of hens tested systematically, at least once a month, over periods of several months. These results, dealing with power to flocculate mouse-liver extracts, may be summarized briefly: (a) The sera of 7 hens showed weak reactions in July-August; sera from these hens became strong in September. (b) Six hens which gave weak or moderate reactions during August-October gave sera which reacted very strongly in November. (c) The sera of 9 hens which gave strong reactions in November became weak in January and remained weak until May. (d) Six very young birds gave weakly reacting sera throughout the period November to May. (e) Three hens, yielding weakly reacting sera in November, provided sera showing reactions of medium intensity in December and remained so until June.
All of the tests with the sera mentioned above were carried out with the mixtures of serum and extract in a ratio of 1: 5. Suspecting that many of the negative results had been due to an insufficient amount of serum some of the tests were repeated with the serumextract ratio 1: 1. Fifteen sera from adult birds and 6 from 24-hr. chicks were thus re-examined; weak but definite flocculation was obtained with the sera of 13 of the 15 adult birds, while the reactions with 2 were doubtful, and all of the chick sera proved to be negative.
From these results it seems warranted to conclude that a flocculating power for extracts of animal tissues appears in the blood of the normal chicken as early as the 3rd or 4th week after hatching, and that it persists throughout life. Potency, however, undergoes seasonal variations; it is pronounced in most individuals during the months of September and October, it decreases somewhat during November and December, and is distinctly lower in the months following.
Tissue extract flocculation in the course of the development of acquired immunity It seemed obvious that one of two interpretations might be offered for the appearance of the factor responsible for flocculating tissue extracts;-an independent natural antibody, or, a serological change incidental to the development of other antibodies. To resolve this question it seemed reasonable to ascertain the effect on the development of the flocculating factor of inoculating chickens with varying amounts of materials of differing antigenic specificity.
The development of a flocculating or complement-fixing power, capable of manifesting its action in the presence of alcoholic tissue extracts, in the sera of rabbits immunized with various antigens has been repeatedly reported. For example, Sachs and his co-workers1l observed this phenomenon consequent to the injection of large amounts of swine serum mixed with alcoholic extract of rabbit kidney; Taniguchi noted it after injection of the Forssman antigen; Mackie and Watson4 encountered the same thing after introduction of living tubercle bacilli, and Van der Scheer,12 as well as Klopstock,'7 noted the reaction following injection of small amounts of killed trypanosomes or Treponema pallidum.
In the present investigation the procedure has always been essen-tially the same; the chickens were bled prior to the first and 8 days after the last immunizing injection of each series, and the amount of specific antibody as well as the ability to flocculate extract of mouse liver were titrated in these samples of serum.
Exp. 2.-Each of 5 chickens was given 6 intraperitoneal injections of a heat-killed suspension of E. coli (a strain recently isolated from chicken feces), each injection consisting of the bacterial growth, in 20 hrs., on an agar slant. Later injections consisted of the same numbers of living bacteria; the entire period of immunization was 29 days. These injections were given in the month of September. Prior to the immunization, the sera agglutinated the colon bacillus only in dilutions as low as 1: 1; mouse-liver extract was flocculated strongly by 3 of the sera, weakly by 2. Later titrations showed that the immunization had raised the agglutinin titer for E. coli slightly (to 1: 10 or 1: 100), while flocculating action for the liver extract remained unchanged.
Under the conditions of this experiment, it is clear that the repeated injection of a bacterial suspension of low antigen!ic value failed to influence the flocculating potency of the sera with tissue extracts.
Exp. 3.-Each of 5 chickens was injected intraperitoneally with a total of 12 cc. of a heat-killed virulent strain of S. pulorum, the suspension so prepared that each 5 cc. contained the organisms from a 24-hr. growth on an agar slant. The period of immunization, in the month of June, lasted for 12 days; the dose injected increasing from 1 cc. to 3 cc. Seven weeks later the immunization was repeated with the same dosages of bacterial suspension. A summary of the titrations and the results appears in Table 3 .
The significant fact here disclosed is that in parallel with the formation of specific antibody the flocculating power for mouse-liver extract increased progressively, and when the pullorum antibody declined the flocculating action did likewise. Further, when, at this point of reduced values, antigen was again injected, thus inducing a rise in specific antibody, the flocculating power again rose.
In brief, the immunization of chickens with large amounts of a bacterial antigen which leads to a good antibody response caused a corresponding rise in the capacity of the sera to flocculate tissue extracts, and fluctuations in antibody titer were closely parallelled by comparable changes in flocculating power.
Exp. 4 .-Each of 4 chickens was injected (during the month of June) with horse serum. Daily injections were given, the dosage being 2 cc. of a 1 :10 dilution of the antigen. After a week of rest, the series of injections was repeated. The total amount of serum injected was 2.8 cc. The pre- The results are clear. Treatment of chickens with small amounts of a foreign serum which suffice to elicit an excellent specific precipitin response does not augment the flocculating power of their sera for tissue extracts.
Exp. 5.-Intraperitoneal injections of rabbit serum were given on alternate days to each of 9 chickens. Each dose was 5 cc.; the total dosage for each chicken 30 cc.; the period of immunization covered 11 days (in the months of May and June). The following table (Table 4) These results may be contrasted with those obtained in Exp. 4. Here, it is found that 7 of the 9 birds responded to the serum injections, and that the increase in capacity to flocculate mouse-liver extract and to flocculate specific antigen are roughly proportional. It is to be noted, also, that the 2 chickens which did not react to specific immunization failed to exhibit a significant increase in flocculating action with tissue extract.
Exp. 6.-Three groups of chickens, embracing 35 birds, were immunized with large amounts of horse serum; the dosage and the time intervals between the several series of injections are indicated in the text-figure and in Table 5 . The injections were given intraperitoneally, intravenously, and intramuscularly; the route was without influence on the results. Although, on the whole, the results were uniform, it is essential that they be analyzed in relation to the season of the year when the different parts of the experiment were undertaken. The first group (4 chickens) was immunized during May and June, a period when the capacity of chicken sera to flocculate tissue extracts is very weak. Immunization of a second group (16 chickens) was started in September, a time when flocculating power is more or less pronounced in all of them. A third group (15 chickens) was started on the immunizing course in August, when the ability of sera to flocculate tissue extracts is very low, but the treatment was continued during September and October, the period when a normal seasonal rise in flocculating action takes place. Details of the results obtained with groups 1 and 2 may be seen by reference to Table 5 (group 1) and to text-figure 1 (group 2).
An examination of these data shows again that under the influence of an effective specific immunization the flocculating power of the sera for mouse-liver extract was always markedly increased. Naturally, this increase was conspicuous when the initial flocculating action prior to immunization was weak. After this first phase of C.)
..IZg the process, curves indicating the intensity of the specific precipitin reaction with horse serum and the flocculation of extract of mouse liver were roughly parallel in every case. Furthermore, when the level of specific antibody was kept high by injection of the antigen the flocculating power for the tissue extract also remained high, and, conversely, when the titer of specific antibody dropped or completely disappeared the flocculating action for extract behaved similarly, but if, at that moment of low values, antigen was again injected both curves rose sharply. A further significant fact is exhibited by those birds which failed to produce good precipitin; the flocculatingpower of their sera upon mouse-liver extract underwent no change. The immunization of the third group of chickens, 15 in number, gave essentially the same results. All but 2 of them responded well to the immunization, and but one point deserves special comment. This is the observation that 19 days after the last of the first series of injections the sera of 9 of the birds gave a pronounced flocculating reaction with extract of mouse liver even though specific antibody had at that time fallen to a very low level in all of the 15 chickens. Since this occurred at the middle of September at the time when chickens show the customary seasonal rise in tissue-extract flocculation, it seems logical to ascribe the anomalous finding to this seasonal influence. No such discrepancies were observed after two new series of injections of horse serum had been given in October and in January.
These results may be analyzed from another angle. It will be noted that in the second group of chickens there were 6 birds whose sera had a very low flocculating power for the mouse-liver extract prior to the immunization and that 4 of these proved to be very poor producers of horse-serum precipitin, while all of the 10 chickens whose sera flocculated to a medium or high degree proved to be good producers of specific precipitins.* But generalizations based * In order further to emphasize the parallelism existing between horse-serum precipitin and the flocculating power for extracts of mouse liver it may be pertinent to quote the following figures from the experiments described above. Of 185 comparative determinations of both properties made upon as many samples of serum and performed at all times of the year except during the months of September and October, when the seasonal discrepancies mentioned above were encountered, only 6 instances revealed a lack of agreement between the two properties. Four of these consisted in samples of serum showing high values for horse-serum precipitin and weak flocculating action on mouse-liver extract. The other two were of the same sort as the seasonal discrepancies. Such irregularities were but transitory, for often samples of blood collected some days later gave concordant results.
on the obvious implication of this finding would be unwarranted, for in the third group of chickens one of the 15 proved to be a mediocre producer of specific precipitin and another did not produce this antibody at all and yet both of these showed a dear seasonal increase in the flocculating power of their sera for extract of mouse liver.
These experiments may be summarized by the statement that The studies recorded above are complemented by the following experiment. Exp. 7.-Each of 3 chickens was injected intraperitoneally with horse serum and rabbit serum mixed in equal parts, the total amount of each serum being 40 cc. Seven days after the last injection, sera were collected for the usual studies, with results as recorded in Table 6 .
It is seen that the flocculating power for tissue extracts increased with the simultaneous development of the two antibodies. Further, that if the intensity of the flocculation be taken as the criterion, it appears to show a quantitative relationship with the antibody having the higher titer or with the sum of the two antibodies when the values for both are lower.* * To these observations based on procedures of artificial immunization the following finding may be added. In two cases where large Rous sarcomata growing in chickens underwent regression, the sera of these two birds showed a marked increase in capacity to flocculate mouse-liver extract. In three other cases where the regressed tumors were small the increase in flocculating power was slight. The ineffectiveness of specific immunization to influemwe the natural antibodies of chicken blood As a counterpart to the experiments described above it seemed desirable to inquire into a possible effect of specific immunization upon the antibodies naturally present in the sera of adult fowls. The two experiments cited below bear on this problem.
Exp. 8.-Twelve of the chickens which were in process of immunization against horse serum served for the present purpose; the antibodies studied being the agglutinins for rabbit red blood cells and for S. pullorum. The sera were titrated for these natural antibodies at the same time as the measurements of precipitin for the specific antigen (horse serum) and the flocculation of mouse-liver extract.
A simple statement of the results of these tests is to the effect that in no case was there evidence of a significant rise in the content of agglutinins for the erythrocytes and for the bacteria, while the tissue-extract flocculating power increased in the manner usually accompanying such treatment. The two natural antibodies never had a titer above 1: 100; occasionally fluctuations to lower values were observed.
Exp. 9.-In other tests 8 sera from chickens which had been immunized against S. pullorum and consequently had a high specific agglutinin titer, as well as a pronounced flocculating power for mouse-liver extract, were examined for rabbit red cell agglutinin. The titers for rabbit erythrocytes ranged between 1 :10 and 1 :100, showing that procedures leading to the development of a bacterial antibody failed to influence the natural hemagglutinin.
From this, and other experiments of this nature, it can safely be deduced that the specific immunization of chickens with large amounts of antigen was without effect on the titers of at least three antibodies normally present in bird sera.
In summary, it may be said that the immunization of fowls with bacteria or with foreign sera leads to an increase in the serum factor responsible for flocculating saline extracts of tissue, provided the injected material has a good antigenic quality or is injected in sufficient amounts. Poor antigens, even in large amounts, or good antigens in small quantities, are ineffective in this respect even though they induce an excellent antibody response. On the other hand, it is clear that in the case of three typical natural antibodies constantly found in the serum of the adult fowl specific immunization is without effect on the titer. All of these facts favor the sup- Therefore, tissue extracts injected into a previously immunized fowl exert no recall influence on an extinct specific antibody.
In vitro absorption tests were also applied in the study of the linkage existing between the specific antibody in the serum of immunized chickens and the factor responsible for tissue-extract flocculation.
Exp. 11.-The sera of chickens which had been immunized either to horse serum or to rabbit serum were absorbed by mixing them with equal volumes of the corresponding antigens in different dilutions. From 4 to 6 hrs. at 370 C., followed in some cases by a period of from 14 to 48 hrs. at 2 to 40 C., were allowed for absorption. Since both procedures gave identi-cal results the precise method used in a given test is not indicated in the table below.
In a second group of tests the immune sera were absorbed in a like manner with 1: 10 or 1: 20 dilutions of saline extract of mouse liver. In every case an abundant precipitate appeared; this was removed by centrifugation for 15 min. The supernatant fluids were then tested against progressive dilutions of the appropriate corresponding antigen and against the mouse-liver extract. Since the addition of an equal volume of the absorbing agent had effected a 1: 2 dilution of the immune serum, 0.2 cc. of the supernatant fluids were used in the titrations, rather than the usual 0.1 cc. The mixtures containing non-absorbed serum each received 0.1 cc. of saline to provide equal volumes in all tests. The details of these tests, and the results obtained, appear in Table 7 .
Interpretation of the results of this experiment can only be that a complete or a partial absorption of the specific precipitin by homologous antigen results in a complete or partial suppression of the factor which flocculated tissue extracts. This is the more interesting in that the phenomenon occurred even when the mixtures were held during the absorption at 380 C., a temperature which favors the action of specific antibody but not the factor which flocculates tissue extracts. On the other hand, when the serum was absorbed with mouse-liver extract the flocculating factor was completely suppressed although only a portion of the specific antibody was removed.*
The data offered in the foregoing section show that when two antibodies develop simultaneously in chicken sera, the flocculating power of these sera seems to bear a quantitative relation to both of them. Further information on this subject was provided by absorbing such sera with one of the two specific antigens and then testing them for their action on mouse-liver extract. These tests showed that a complete absorption of one of the antibodies caused only a partial suppression of flocculating power, while complete absorption of both eliminated flocculating power completely. In brief, when a specific antibody is totally removed from an immune serum by a process of specific absorption the factor causing tissue-extract flocculation is also wholly removed, but when the flocculating factor is removed by absorption with tissue extract the specific antibody is removed to the same degree as is the case when a co-existing antibody is absorbed by specific antigen. In sera containing more than one specifically induced antibody a total removal of one of them causes but a partial reduction in the tissue-extract flocculating agency.
The effect of heating. Heating immune sera possessing both specific antibody and flocculating factor offers another means of studying the relationship between the two serum properties. The following experiment records results on this aspect of the matter.
Exp. 12.-The sera from 6 chickens immune to horse serum and very rich in specific antibody were used. Samples of these sera were heated for 30 min. at temperatures of 55, 60, and 650. Exposure to 650 caused some coagulation of the serum; for testing the material was centrifuged and the siipernatant fluid was used. These heated sera, along with corresponding unheated samples, were tested against dilutions of horse serum for precipitin value and against mouse-liver extract for flocculation.
Detailed tabulation of the results is unnecessary, since they can readily be summarized. The sera which had been heated at 650 were, after elimination of the coagulated material, entirely inactive with both the specific antigen and with the tissue extract. Those samples heated at 550 and at 600 lost none of their activity in either test; in fact, they actually proved to be more active in both tests. In some tests the flocculating potency was increased three-fold over the unheated samples. These results may be compared to those reported by Mackie and Anderson4 on the flocculation of lipoid suspensions by heated rabbit sera. The experiments described here were made with chicken serum; when they were repeated with the heated sera of rabbits immune to horse serum no enhancement of flocculation of the specific antigen was found.* * An incidental observation led to a study of the effect of CaCl2 on both the specific antibody and the flocculating factor. It was found that the action of both flocculating agents was much increased when saline containing either 0.5 or 1 per cent of CaCl2, instead of plain saline, was used in preparing the dilutions. A concentration of 5 per cent of the salt inhibited flocculation. None of the solutions of CaCl2 used exerted any manifest effect when added alone to either the serum or the liver extract. As was the case with exposure to heating, the addition of the Ca salt had either no effect at all or a suppressing influence on the flocculation of horse serum by an immune rabbit serum containing specific antibody.
Therefore, we may conclude that both specific antibody and the factor which causes flocculation of tissue extracts are similarly influenced by exposure to heating, both being either enhanced or suppressed in their action according to the temperature applied.
The range of actirAty, throughout the zoological scale, of the factor which flocculates tissue extracts The relative lack of specificity, both organ and species, which immune sera to tissue extracts are known to exhibit led to a study of the behavior of active chicken sera in tests with a wide variety of tissue extracts. Some of these tissues contained the Forssman antigen, some did not; and the tissues ranged from those taken from the individual supplying the serum to those belonging to species biologically very remote.
Exp. 13.-Saline extracts (1: 20) were prepared from the tissues listed in Table 8 , and of these serial dilutions were made. Active sera from 10 chickens, either normal or those which had been immunized against rabbit serum, were tested at 40 C. by the usual technic against these extracts. Where autogenous tissues were used the chickens were bled to death and the liver, lungs, and heart were extracted for tests with the sera from the-same individuals. Control tests for comparative purposes were always made with mouse-liver extract. The values expressing the results in Table 8 represent the average of several or, indeed, of many tests performed with each extract.
It is clear that the active chicken sera flocculated extracts of the tissues of all species tested, although the reactions were somewhat weaker with those extracts derived from the tissues of the lower animals. Tissue extracts from birds of the same species, indeed, extracts of the tissues of the individual supplying the serum, were also flocculated.
A number of incidental facts brought out in these studies merit mention; for example:
(a) Blood sera of the bullfrog, pigeon, and guinea-pig were unaffected by the sera of chickens immune to rabbit serum; sera from the rat and mouse gave weak reactions in the lower dilutions; rabbit serum, of course, gave positive reactions. The sera of all of these species failed to flocculate with active sera from normal chickens.
(b) Extracts from 1 transplantable carcinoma and from 2 transplantable sarcomas of the mouse, from 15 spontaneous mammary This phase of the study can be summarized by stating that saline extracts of several normal and malignant tissues derived from 17 different animal species, ranging from the earthworm to man, are flocculated at low temperatures by the factor present in active chicken sera. The sera from at least 6 of these species are unaffected in the flocculation test. Normal and malignant tissues of the same species and the same individual supplying the serum are also flocculated. In this respect the flocculating factor shares in the properties of homologous and autogenous antibodies in addition to those of heterologous antibodies.
Characteristics of the factor which flocculates tissue extracts Temperature requirements. Many tests bear out the statement repeatedly made in this discussion that the factor flocculating tissue extracts is ineffective at 370 C., moderately active at from 18 to 220, and most effective at from 2 to 4°. This statement applies equally to the flocculation of heterologous, homologous, and autogenous tissue extracts. As a comparison, ordinary precipitin tests were performed with horse-serum antigen and immune sera from chickens and from rabbits. The tests were carried out in the 2 to 40 range and also at 370. With both types of immune sera flocculation was most pronounced at 370 during the first 4 or 5 hrs., but after this time the reactions at 2 to 40 caught up with those at 370 and later even slightly surpassed them. Dosage requirements. Adequate experience has shown that very active chicken sera, even when diluted to 1: 20 in saline, will still exhibit a slight, but definite, flocculating action when combined in a 1: 5 ratio with mouse-liver extract; moderately active sera exert no appreciable effect under these conditions. It has already been stated that sera from adult chickens, although apparently inactive against a tissue extract in a given proportion (e.g., 1: 5) , may show activity when tested in higher concentrations.
Active sera may flocculate mouse-liver extract when the latter is diluted as high as 1: 10,000, but the reaction of maximal intensity has always been found in dilutions between 1: 20 and 1: 320 (the extract dilutions used routinely in the present study).
Prozone. When working with mixtures containing the higher concentrations of tissue extracts an inhibition of the flocculation is frequently observed. This is especially true when the sera under test are not very active. Examples of this type of inhibition are to be found in the data presented in Tables 1, 3 , 4, and 5.
Stability. Sera have been kept in the refrigerator for many months and have been found to have retained almost all, or in some cases all, of their flocculating activity.
Speed of the reaction. The reaction is a slow one. A visible flocculation of tissue extracts during the first few hours at low temperature can be detected only when highly potent sera are being used. Usually, the reaction is not accomplished until the mixtures have been held for several hours in the refrigerator. In this connection it is well to note that induced precipitating antibody in chicken serum reacts much more slowly than do similar antibodies in rabbit sera.
With respect to the qualities mentioned above, it may be said, then, that the characteristics of the factor in chicken serum which leads, in the cold, to the flocculation of extracts of animal tissues are practically the same as those of the antibodies artificially induced in the serum of this species, the sole and significant exception being that the flocculating factor is inoperative at 37°C.
Relation of the factor flocculating tissue extracts to other serum components As a method of fractionating the serum, cataphoresis offered advantages for the purpose in view. These procedures were carried out by Dr. K. Stern, and, since the tests applied belong to another study now in progress, only the pertinent points will here be presented.
Exp. 14.-Several active chicken sera, diluted 1 :4 with a phosphate buffer of pH 8.0, were subjected to electrophoresis in the Tiselius apparatus. The fractions thus obtained were examined for their content of natural antibodies for rabbit and mouse erythrocytes, for agglutinins for the staphylococcus and the mouse typhoid bacillus, and for their flocculating power with saline extracts of mouse liver.
From our present standpoint, the significant fact disdosed was that the gamma fraction contained the greater part of the natural antibodies mentioned above and also most of the factor which is effective in flocculating tissue extracts.
The problem was then approached from another angle. Chorine18 has shown that the sera of chickens, and of other birds as well, flocculate when they are diluted with 9 volumes of water, due to a precipitation of the water-insoluble fraction of such sera. These sera, with their low content of albumin, contain the euglobulin to a relatively high concentration.* This observation suggested a study of the possible relation between the power to flocculate tissue extracts and the extent of flocculation taking place through dilution with water. Both tests were made upon the same samples of sera.
Exp. 15.-The tests involved 20 chicken sera, which, in ability to flocculate mouse-liver extract, varied widely; some were very active, some very weak, others moderately effective. In almost all cases the addition of 1 cc.
of the serum to 9 cc. of water caused an immediate precipitation. The results, as recorded after the mixtures had been held in the ice-box for 2 days, are recorded in Table 9 .
The table shows that the degree of precipitation caused by dilution with water was roughly proportional to the potency of these sera in flocculating extract of mouse liver. Additional tests showed that the flocculating factor was brought down completely in the precipitate formed through adding to the 1: 10 dilution of serum with water enough N/i 0 acetic acid to give a pH of about 4.6. (This procedure precipitates practically all of the euglobulin of the serum.) From these experiments it can be conduded that the substance responsible for tissue-extract flocculation is probably euglobulin in nature and is resident in the same fractions that carry the natural antibodies.
* Chicken sera, but not chick sera, kept at low temperatures show a marked tendency toward spontaneous flocculation; in fatty sera this is especially apt to occur, but it can be suppressed by a prior fasting of the birds for 24 hrs. Precipitates when fresh, that is, but a few days old, can be readily redissolved by warming the serum to from 37 to 400, but precipitates that are several weeks or months old can be redissolved only partially by warming. If precipitation in the cold and re-solution by warming are repeated several times the sera become more stable, even totally so, and the same stability is attained if the precipitates are removed by centrifugation. Study was made of approximately 100 samples of servm to determine whether a relationship existed between this spontaneous precipitation and the power to flocculate tissue extracts. Correlation was not complete, but allowing for a fair number of exceptions it may be said in general terms that a quantitative relationship between the two phenomena was found. Possibly a common causative factor may be involved in both cases. But despite these facts, it is obvious that such a spontaneous flocculation at low temperatures is not the cause of the flocculation with tissue extracts, and for this the following reasons may be cited: (a) Sera diluted 1 : 5 with saline as used for controlling the reaction with tissue extracts never exhibited spontaneous flocculation. (b) Sera which no longer flocculate in the cold, that is, those which have become "stabilized" as mentioned above, retain intact their capacity to flocculate tissue extracts. (c) Tissue precipitates induced by active sera can not be redissolved upon warming. Any consideration of this subject must deal with two points; first, the r8le of the particles in suspension and, second, the part which the alcohol-soluble substances may play in the flocculation.
The suspended particles. Saline extracts of tissue prepared in Accord with the technic described above are perfectly stable. Nevertheless, such extracts contain very fine partides in suspension. In order to ascertain what part they play in the flocculation reaction the following experiment was performed.
Exp. 16.-Extracts of the liver and of the lung of the mouse, rat, pigeon, chicken, and frog were subjected to ultracentrifugation in an angie centrifuge at 18,000 r.p.m. for 1 hr. The supernatant fluids, then absolutely free of particles, were tested with an active chicken serum.
The results of these tests can be summarized briefly. Those extracts which in their original state (that is, were prepared in the usual way) were strongly flocculated by the serum were flocculated also, but to a less degree, when freed of partides; extracts which when prepared in the usual way gave less intense flocculation showed very weak flocculation or none at all after ultracentrifugation. These experiments were supplemented by tests in which active sera were combined with particulate suspensions of agar, gelatin, asbestos, egg albumin, aleuronat, and inulin. With these no flocculation occurred.
The alcohol-soluble substances.
Exp. 17.-By means of the technic previously described, alcoholic extracts of mouse liver were prepared. These extracts were diluted in saline over a range from 1:5 to 1:80, and to 0.5 cc. of each dilution 0.1 cc. of an active serum was added. During the course of this work many such tests have been made, since alcoholic extracts were often used along with the saline extracts as routine material. In Table 10 are given the results obtained with 10 normal or immune chicken sera tested against alcoholic extracts of mouse liver. Tests at both 2 to 40 and at 370 are included. For comparative purposes the tests on the saline extracts of the same tissues are given in the table. Additional tests also demonstrated that here also, as was the case with saline extracts, sera which were apparently negative when tested at the 1: 5 ratio might produce flocculation when tested at 1: 1.
Other experiments, to be published elsewhere, indicated that alcoholic solutions of lecithin, cholesterol, and gum mastic may also be flocculated under certain conditions.
From these experiments one may conclude that the components of the tissue responsible for the flocculation reaction are, in part at least, of the alcohol-soluble class, presumably lipoids. Gross particles suspended in the saline extracts play no essential part in the flocculation.
Wassermann and Kahn reactions with chicken sera which flocculate tissue extracts
The fact that active chicken sera flocculate with alcoholic extracts of tissues quite naturally suggested that this reaction be investigated for a possible connection with the Wassermann and Kahn reactions,* with a comparison of such reactions with the flocculation of saline extracts of the tissues. Mention has already been made of the fact that with normal chicken sera the Wassermann reaction has been found to be negative, while some flocculation reactions are almost constantly positive.3' 4 6, 7, 8 Exp. 18.-Tests were made on 12 sera. Seven of these had a very weak flocculating power for tissue extracts, while the rest, coming either from normal or from immunized chickens, were highly potent. In the Wassermann test the mixtures of the unheated serum and the antigen were held either for 1 hr. at 370 C. or for 4 hrs. in the refrigerator. The antigen used was either the simple alcoholic extract or the cholesterolized extract (3 mg. per cc.). The antigen used in the Kahn tests contained 6 mg. of cholesterol per cc. Table 11 presents the results.
The data afforded by this table show that all sera devoid of flocculating power for the saline extract of mouse liver (sera Nos.
I to 7) were also Wassermann and Kahn negative, whereas those sera possessing flocculating power, whether they were derived from normal or from immunized chickens, were Kahn positive. As * We are endebted to Mrs. Edna Lyon of the Department of Immunology for performing these tests. Table 12 ) as average figures, as was the case with the data of Table 1. A survey of the results of these tests shows that the sera derived from rabbits which have been immunized with large amounts of horse serum reveal a moderate, but none the less definite, power to flocculate saline extracts of mouse liver, whereas sera taken from rabbits which have received but small amounts of the same antigen are inactive. This finding is in contrast to the fact that in both groups the specific antibody response, as measured by the usual technic, was practically the same even though one group received 10 times as much antigen as did the other. Wassermann and Kahn tests were performed with the sera of two of the rabbits which had received the large doses of horse serum. Both reactions were strongly positive with the sera of both rabbits; control sera from normal rabbits gave negative results.
It thus appears that flocculating property for tissue extracts is to be found in pigeons and in pheasants, as well as in chickens. The property may appear spontaneously or after artificial immunization with a non-specific antigen. The sera of rabbits may exhibit a mod-erate, but definite, flocculating power of saline tissue extracts following immunization with large amounts of foreign antigen. Wassermann and Kahn tests with the latter sera also become positive.
Discussion
The essential fact disclosed by the present investigation is that shortly after hatching there appears in the serum of the chicken a factor which will flocculate, at low temperatures, saline extracts prepared of the tissues of many animal species. This property may persist in the blood of the normal fowl throughout the life span. This peculiar property of the serum can not be identified in any way with the Forssman antibody; since tissues possessing and tissues lacking the Forssman antigen are equally affected.
The quality of the blood which finds expression in the flocculation reaction makes its appearance in the chicken between the -3rd and 4th weeks, at a time when some of the normal antibodies, such as the agglutinin for the staphylococcus and the hemagglutinins for rabbit and mouse erythrocytes, have already become manifest. The flocculating power increases in amount in parallel with the development of these antibodies, and of others of still later appearance, such as the natural agglutinin for S. pullorum. In the serum of the adult bird the flocculating factor is to be found in the same globulin fraction of the serum wherein are to be found the natural antibodies.
Moreover, the flocculating factor shares with the precipitating antibodies artificially induced in chickens the characteristics which the latter show in reacting with specific antigens; namely, prozone, type of flocculation, range of activity of both serum and tissue extract, and slow rate of reaction. Like the antibodies, the flocculating action is enhanced by heating at 55 and 60°C., but suppressed by exposure to higher temperatures.
But despite these suggestive similarities, certain reasons may be advanced which would seem to predude classifying the flocculating factor as an antibody in the strict sense of the word. In the first place, the concentration of the flocculating factor, usually at a low level in the blood of fowl, can be markedly increased by immunization procedures which lead to antibody production for the specific agent used, but in this process the natural antibodies present in the blood remain unaffected. Two essential conditions must be provided if the amount of flocculating factor is to be increased in this way-the injected material must possess a good antigenic power; it must be injected in large amounts. This latter point is of interest, for aside from the difference in the change in the flocculating titer the immune responses induced in the fowl (to a certain extent in the rabbit, also) as measured by the usual methods would appear to be exactly the same whether large or small amounts of antigen are injected. It seems, therefore, that the extent to which a serum exhibits a flocculating action with tissue extracts may be regarded as an index of the specific and definite fraction of inoculated antigen concerned with the induction of the immune response, rather than merely an index of the amount of foreign material introduced. In the second place, that there is a state of dependence of the flocculating factor upon the specific antibody is emphasized by the following: (a) The parallelism of the curves expressing the intensity of the precipitation of the specific antigen and the flocculation of tissue extracts by an immune serum; (b) the inability of tissueextract injections to raise specific antibody titer when both this antibody and the flocculating factor have disappeared from the blood, as contrasted with the effectiveness of injections of the specific antigen in increasing, under like conditions, both the antibody and the flocculating factor; (c) the incapacity of tissue extract to remove specific antibody from an immune serum by absorption in vitro, as contrasted with the effectiveness of the specific antigen, under the same conditions, in removing both the specific antibody and the factor responsible for flocculation.
Due regard for all of these facts indicates that the flocculating factor must be considered a consequence, or perhaps as an index, of antibody formation rather than as an antibody itself. Certainly, in the matter of the development of the artificially induced antibodies this is the case. The spontaneous development of the flocculating factor in the blood of the growing chick may be regarded as presumptive evidence that the same principle applies in the process of development of the natural antibodies, but this is still subject to direct proof.
The results here presented may point to the existence of a "grading" in the modification of the serum globulin by the specific antigen, as in the hypothesis advanced by Hooker19 and by Boyd and Bernard.14 According to the tests made in these studies, the specific antibody would represent the highest grade, the flocculating factor the lowest grade, of such modified globulin. If this hypothesis is correct, the implication follows that the amount of globulin capable of being changed into antibody is limited, and that, within certain limits, the extent of the change is independent of the amount of antigen injected; for, in our experiments, the same amount of specific antibody (as measured by the usual methods) was induced by either small or large amounts of antigen, whereas the induction of the flocculating factor called for a large excess of antigen.
Alcoholic extracts of normal tissues are also flocculated, at low temperatures, by active sera from either normal or immunized fowls; a type of reaction which since the work of Landsteiner, of Porges, and of Levaditi and their co-workers'0 has been used in the diagnosis of syphilis. In fact, in our experiments, the Kahn test has been found to be positive with all such sera; the same is true for the Wassermann test, but only with the sera of immunized fowls. However, the latter reaction takes place at 370 C. just as well as at lower temperatures, and this may indicate that different causative factors are operative or that possibly the more sensitive antigen used permits the flocculating factor to manifest activity at 370. Until more exact knowledge is available, one is tempted to postulate that as found in active chicken sera, and in rabbit sera as well, the factor responsible for the Wassermann reaction and for flocculation is an incidental product of the process of antibody production rather than a genuine antibody itself.
Such condusions could naturally be applied to the Wassermann reaction in human syphilis just as long as an optimal antigenic power of the spirochete is assumed."2 '7 However, such conclusions would be opposed to the view held by Weil and Sachs, since their hypothesis applied to our findings would mean that large amounts of either horse or rabbit serum or of killed S. pullorum damage the tissues, while large amounts of living E. coli, or of horse serum when no immune response is elicited, exert no injury. Also, the hypothesis would not explain why flocculation tests are positive with normal sera with high seasonal titers of flocculating factor; nor, and this is most significant, would it explain why the factor is present at all in all healthy fowls three weeks of age. On the other hand, the supposition that syphilitic reagin is an incidental by-product of antibody formation harmonizes with the view of Landsteiner and Van der Scheer,'2 who link the reagin with the antigenic qualities of the spirochetes; and it is also in line with the idea, expressed by Mackie and Watson,4 that the reagin represents an increased normal property of the serum. The concept here presented is at variance, however, with their opinion that reagin is a natural antibody.
The sera of certain syphilitics contain another factor,-that responsible for paroxysmal hemoglobinuria,20-which offers still closer analogies to the flocculating factor. Both of these act only at low temperatures; both are active against homologous and autogenous tissue extracts. These resemblances led to a study of the Donath-Landsteiner reaction with several sera from the immunized chickens, but the results were negative.
The seasonal rise in the activity of the flocculating factor, as observed during three consecutive years, might be regarded as a striking example of spontaneous rhythm in a factor concerned in immunity processes. Interest in this phenomenon is enhanced by the observation that those chickens which had a pronounced flocculating power before immunization, a condition noted in most of them during the autumn months, responded well to artificial immunization, while those which reacted negatively or but weakly were often those chickens which lacked the flocculating agency prior to the immunization. The possibility that this phenomenon is a purely seasonal one is strengthened by the fact that annual fluctuations in some of the components associated with distinct changes in the histology of glands or in their secretions have been observed,21 changes which are quite independent of the cyclic changes in calcium, phosphorus, and other blood elements related to ovulation. However this may be, and without eliminating from consideration a seasonal effect, the possibility remains that the incidence of infectious disease during the autumn months may be higher and that the phenomena observed may be referable directly to immunogenic stimulation. Further work on this problem is demanded.
A flocculating capacity for tissue extracts, analogous to that present in the blood of chickens, has also been disclosed in pigeons and pheasants, and one may well wonder why the sera of birds possess these special characteristics. Such sera, like human syphilitic sera,22 show a pronounced instability on dilution with water. This is due to the high concentration of euglobulin,18 and we have shown that in chicken serum there is a quantitative relationship between its ability to flocculate in water and its power to flocculate saline extracts of tissues. Also, like the factor responsible for the Wassermann reaction and for the specific flocculation phenomena (see Mackie and Watson4), the agency responsible for flocculation by chicken sera resides in the globulin fraction. Such substances must be endowed with an innate property of reacting with a component, probably lipoidal, of tissues.
Finally, from the standpoint of comparative serology, attention may be called to the fact that the sera of birds, because of their instability, may reveal phenomena which with the sera of mammals may be much more involved and quite obscure.
Summary
The blood sera of fowls possess the property of flocculating at low temperatures saline extracts of normal and malignant tissues of every animal species tested; this capacity makes its appearance between the 3rd and 4th weeks after hatching and persists throughout life. Usually present to a low degree, it apparently is subject to a seasonal rhythm, increasing in most chickens during the autumn months.
This flocculating property can be increased by immunization with specific antigens, just so long as the antigen,-bacterium or foreign serum,-is of good antigenic power and is injected in adequate amounts. Once the flocculating power has been thus raised, the curve expressing its titer runs fairly parallel to the curve indicating the concentration of the specific antibody, both curves rising or falling together according to the fluctuations experimentally induced in the immune process. Analogous phenomena have been disclosed in the pigeon and the pheasant, and, to a less degree, in the rabbit.
The factor responsible for the flocculation of tissue extracts in the cold is in all probability a globulin, sharing with the antibodies present in the chicken serum their characteristics-absorbing with them when the antibodies react with the corresponding antigens, disappearing with them when the sera are subjected to the effects of heat and of other agents.
The dependence of this factor on antibody formation, as well as its behavior during the absorption of an immune serum by either the specific antigen or a tissue extract, tend to prove that the flocculating factor is the result, or a by-product, of antibody formation rather than an independent antibody in the strict sense of the word.
Alcoholic extracts of tissues are also flocculated, at low temperatures, by active chicken sera, and with such sera Wassermann and Kahn reactions are positive. This suggests that the factor in chicken sera which flocculates tissue extracts is of the same nature as that responsible for the reactions with syphilitic sera.
The significance of the increase in the globulin content of immune sera, and the significance of the syphilitic reagin of human sera, are considered in the light of these observations made upon the sera of fowls.
